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Abstract 
 
Branch growth and current-year shoot structure were examined to understand 
species-specific strategies for architectural development of four evergreen broad-
leaved tree species (Castanopsis sieboldii, Cinnamomum tenuifolium, Machilus 
thunbergii, and Neolitsea sericea; only genus names are used to refer to them) 
growing in a temperate Japanese forest. In the first part, a hierarchical Bayesian 
approach was used to model two elements of branch growth: a qualitative 
component whether braches produce current-year shoots (branch-growth 
probability) and a quantitative component (mass growth rate; total mass of 
current-year shoots within a branch). The two components were influenced by 
slightly different factors; the branch-growth probability was affected by initial 
branch size, relative branch height, relative light intensity at branch tip, and 
maximum light intensity within a single sapling. The mass growth rate was 
influenced by initial branch size, relative branch height, branch inclination and 
relative light intensity at the branch tip. The two components of branch growth 
should be considered separately when tree architectural is modeled. Interactive 
responses among branches within individual saplings were detected. Some 
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among-species differences were found in branch growth responses to the 
explanatory variables used in the analysis. In the second part, current-year shoot 
structure of the four evergreen broad-leaved tree species was examined. The 
following differences were found: Compared with the other species, saplings of 
Castanopsis had more horizontal current-year shoots that are relatively 
uniformly distributed in crowns. With these architectural traits in current-year 
shoots, saplings of Castanopsis under shaded conditions can avoid strong self-
shading and increase the efficiency of light interception. In contrast, saplings of 
the other species typically had longer and more vertical current-year shoots that 
are concentrated in upper parts of crowns. With these architectural traits in 
current year shoots, saplings of the other species can shift their foliage upward 
from lower shaded spaces to higher sun-lit spaces. 
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Chapter 1 
 
 
 
General Introduction 
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1-1 Background of the study 
Tree architecture determines a tree's light capture, stability, efficiency 
of crown growth, water transport, and wind resistance of trees (Küppers, 
1989; Poorter, 2003). The aboveground branching architecture of a tree 
directly affects the display pattern of its leaf area (Takenaka, 1994). 
Therefore, analysis of aboveground architectural development is an essential 
procedure for improving the understanding of tree survival and growth 
strategies especially for shaded saplings under forest canopies, because light 
is the most limiting factor in this environment. 
Architecture of a tree has a hierarchical structure consisting of several 
levels: first-order branches, shoots, and internodes. First-order branches 
(referred to hereafter as simply “branches”) are defined as branches that 
attach directly to the main trunk. The distribution of branches determines 
the overall shape of an individual tree, and their demography determines 
the development of a crown. Shoots are defined as a stem with leaves that 
develops from a bud in a growing season. Structure (position, length, and 
direction) of shoots and the relationship between parent and offspring shoots 
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affects some important functional traits of foliage including the efficiency of 
light capture, the extent of self-shading, and the speed of vertical growth. 
Traits at the internode level also have important impacts on these functional 
traits of foliage. 
In the wide regions in Asian nations including Japan, evergreen broad-
leaved trees are important components of natural forests. Evergreen species 
are interesting materials for the study of tree architecture because they have 
more leaves than deciduous species do, causing relatively strong self-shading. 
Not only the amount of foliage but also its complex structure makes it 
difficult to understand their functions. For example, they consist of leaves of 
different ages with different traits (e.g. photosynthetic rate) of foliage of 
evergreen species.  Evergreen trees must replace their leaves gradually. 
Therefore, dynamic aspects of foliage development associated with branch 
and/or shoot emergence, growth, and death should be clarified. 
It is well-known that there is a wide variety of foliar traits such as leaf 
life-span, leaf mass per area, and photosynthetic rate even within a single 
leaf habit, evergreenness. Therefore, when studying the architecture of 
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evergreen broad-leaved tree species, attentions should be paid to among-
species differences. From morphological and developmental points of view, 
architecture of evergreen tree species was categorized into architectural 
models (Hallé et al. 1978). 
Saplings of evergreen broad-leaved tree species are often found in 
understories in natural old-growth forests in the warm-temperate zone in 
Japan. For these understory saplings, light may be the most important 
limiting factor because irradiances under the forest canopy are usually low 
(often less than 5 %; Tanouchi 1990; Tanouchi and Yamamoto 1995). 
Therefore, saplings require architectural strategies for high light 
interception efficiency and/or for rapid avoidance from low-light spaces 
(Henry and Aarssen 1997). Our understanding of tree regeneration and 
eventually the stand dynamics would be improved by identification of 
species-specific architectural strategies used by shaded saplings to cope with 
low-light conditions and to respond dynamically changing light conditions. 
Therefore, if we understand species-specific architectural strategies of 
shaded saplings evergreen tree species to cope with low light conditions and 
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to respond dynamic light conditions, we can improve our understanding of 
tree regenerations and development and eventually stand dynamics of 
natural forests.  
1-2 Study site and target species 
This study was conducted in a forest stand on the Matsudo campus of 
Chiba University in central Japan (Fig. 1-1; 35°46'34''N, 139°54'0''E). The 
mean temperature at the nearest meteorological station (15.2 km from the 
research site) over a 12-year period (1999–2010) was 15.3°C, with a 
maximum value (26.5°C) in August and a minimum value (4.9°C) in January. 
The mean annual precipitation was 1463 mm.  
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                       Fig. 1-1. Location of the study site 
 
The canopy of the study site consisted of deciduous and evergreen tree 
species (Fig. 1-2). The height of the canopy was larger than 20 m though 
there were canopy gaps through which incident light was able to reach the 
forest floor. There were many saplings that had naturally established and 
were growing on the forest floor (Fig. 1-2). 
  
Matsudo campus 
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Fig. 1-2. Canopy and forest floor of the study site. 
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Four evergreen broad-leaved tree species found in the study site were 
used: Castanopsis sieboldii (Makino) Hatus. ex T.Yamaz. et Mashiba, 
Cinnamomum tenuifolium (Makino) Sugim. ex H.Hara, Machilus thunbergii 
Siebold et Zucc., and Neolitsea sericea (Blume) Koizumi (only genus names 
are used to refer to them; Table 1). They are all common species in evergreen 
broad-leaved forests in Japan, but somewhat differ in ecological, 
architectural, and developmental characteristics (Table 1; Fig. 1-3). 
Castanopsis is a dominant canopy species in the warm temperate forests of 
central Japan (Nitta and Ohsawa 1997). Machilus is another canopy species 
of this forest type, often dominating the canopy layer of coastal forests in 
this region. Cinnamomum and Neolitsea are subcanopy species that often co-
dominate in this forest type. Saplings of the four species are often found in 
the understories in the study site; they are considered more or less shade-
tolerant. 
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Table 1-1. Ecological and architectural characteristics of study species. 
 
Castanopsis 
sieboldii 
Cinnamomum 
tenuifolium 
Machilus 
thunbergii 
Neolitsea 
sericea 
Family Fagaceae Lauraceae Lauraceae Lauraceae 
Maximum 
height (m) 1) 
25 15 20 10 
Shade tolerance 
intermediately 
shade-tolerant 
(small 
individuals 
cannot survive 
under heavily 
shaded 
conditions) 2) 
extremely 
shade-tolerant 
(small 
individuals can 
survive under 
heavily shaded 
conditions) 2) 
extremely 
shade-tolerant 
(small 
individuals can 
survive under 
heavily shaded 
conditions) 2) 
shade-tolerant 
(the number of 
individuals 
increases with 
decreasing light 
availability)3) 
Architectural 
model 4) 
Rauh’s model (a 
monopodial 
trunk and 
monopodial 
branches with 
rhythmic 
growth) 
Rauh’s model (a 
monopodial 
trunk and 
monopodial 
branches with 
rhythmic 
growth) 
Aubréville’s 
model 
(monopodial 
trunk with 
rhythmic 
growth and 
plagiotropic 
branches with 
apposition) 
Rauh’s model (a 
monopodial 
trunk and 
monopodial 
branches with 
rhythmic 
growth) 
Branch 
appearance 
proleptic proleptic sylleptic proleptic 
Leaf emergence 
5) 
short flush 
usually once a 
year 
short flush  
usually once a 
year 
short flush  
usually once a 
year 
short flush  
usually once a 
year 
Leaf fall 5) unimodal bimodal bimodal bimodal 
Leaf life 
expectancy 
(years) 5) 
1.3 - 1.5 4.0 - 5.8 1.8 - 1.9 2.6 - 4.1 
 
1) Hayashi et al. 1987 
2) Yamamoto 1992 
3) Bhuju and Ohsawa 1999 
4) Hallé et al. 1978 
5) Nitta and Ohsawa 1997 
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Fig. 1-3. The target species of the present study: Castanoposis sieboldii (top 
left), Cinnamomum tenuifolium (top right), Machilus thunbergii (bottom 
left), and Neolitsea sericea (bottom right). 
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1-3 Objective of the study 
The objective of this study was to understand the architectural traits of 
shaded saplings of the four target evergreen broad-leaved tree species. The 
study ranged two levels of tree architecture: architecture at the branch level 
and at the shoot level. The study partly focused on a dynamic aspect of tree 
architecture, namely, growth. In the analyses at both levels, among-species 
differences were considered. Based on the results obtained, the range of 
species-specific strategies of shaded saplings among evergreen broad-leaved 
tree species was discussed. 
More specifically, this study consisted of two parts. The objective of the 
first part was to analyze branch growth of the four target evergreen broad-
leaved tree species (Chapter 2). In this analysis, a dynamic aspect of 
architectural traits at the branch level was focused. The objective of the 
second part was to analyze the structure of current-year shoots in the study 
species (Chapter 3). In this analysis, a relatively static aspect of 
architectural traits at the shoot level was focused. 
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1-4 Outlines of the study 
This thesis is structured as follows: In chapter 1, a significance of 
studying the architectural traits in evergreen broad-leaved tree species is 
discussed. In chapter 2, two elements of branch growth: a qualitative 
response (whether a branch produces new shoots) and a quantitative 
response (biomass accretion in new shoots) in the study species in relation to 
internal (initial branch mass, relative branch height and branch inclination) 
and environmental (relative cumulative photosynthetic photon flux density) 
influences are analyzed. In Chapter 3, relative height, shoot length and 
inclination of current-year shoots are analyzed to understand the 
architectural differences among shaded saplings of the study species. In 
Chapter 4, the ecological characteristics of the evergreen broad-leaved tree 
species growing in shaded conditions are summarized based on the above 
analyses. The usefulness of some concepts concerning architectural traits (i.e. 
shade tolerance vs. shade avoidance, apical dominance and apical control, 
and interactive modular response) was discussed. 
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Chapter 2 
 
 
 
Branch growth 
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2-1 Introduction 
In this chapter, two aspects of branch growth (a qualitative response, 
that is, whether a branch produce current-year shoots, and a quantitative 
response, that is, how much is the total mass of current-year shoots) were 
analyzed for saplings of the study species in relation to internal and 
environmental factors. 
Analysis of aboveground architectural development is an essential 
procedure for improving our understanding of tree survival and growth 
strategies; architecture is a determinant of many performance components 
in trees, including light interception and canopy photosynthesis (Küppers 
1989). Architectural development at the branch level can be summarized by 
the dynamics of demographic processes (birth, growth, and death) in cohorts 
of branches (Maguire 1994; Kaitaniemi and Lintunen 2010). A 
comprehensive understanding of these processes is critical as they determine 
overall tree architecture and thus the performances of individual plants. 
Measurements of multiple parameters, such as branch size, branch height, 
light intensity, branch angle, and branch age, should be incorporated into 
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analyses of branch growth because they all affect branch growth (e.g., 
Remphrey and Powell 1984; Remphrey and Davidson 1992; Stoll and Schmid 
1998; Mäkinen 1999a, b; Takenaka 2000; Umeki and Kikuzawa 2000; Umeki 
and Seino 2003; Taugourdeau et al. 2012). 
Among the factors influencing branch growth in understory saplings, 
light may be the most important limiting parameter because irradiances 
under the forest canopy are usually low (often <5% of above-canopy values; 
e.g., Tanouchi and Yamamoto 1995). Shaded saplings have two recognizable 
strategies for coping with low light availability: shade tolerance and shade 
avoidance (Henry and Aarssen 1997).  
Although these strategies incorporate many plant performance 
components (ranging through traits of physiology and morphology), both are 
strongly linked to architecture; shade tolerance requires deployment of leaf 
displays to maximize the efficiency of light interception (i.e., avoidance of 
self-shading), while shade avoidance requires concentrated investment of 
resources into branches growing toward sunlit spaces. Interspecific 
comparisons of branch growth responses to varied light conditions allow us 
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to identify major spectra in tree architectural development across species 
(Kawamura 2010), while the construction and analysis of these spectra 
contribute to improved understanding of tree stand dynamics and species 
coexistence. 
An important concept about the architectural development of trees is 
branch autonomy (Sprugel et al. 1991). Growth responses of branches may 
be regarded as autonomous when biomass accretion depends on internal and 
environmental conditions specific to individual branches (Kawamura 2010). 
Several lines of experimental evidence have demonstrated autonomy in the 
carbon metabolism of individual branches (Hasegawa et al. 2003; Hoch 2005; 
Volpe et al. 2008). Moreover, simulations of tree architectural development 
based on branch autonomy have reproduced realistic tree morphologies (e.g., 
Sorrensen-Cothern 1993; Takenaka 1994). However, some observed patterns 
of branch growth and mortality do not support the concept of autonomy 
(Stoll and Schmid 1998; Takenaka 2000; Henriksson 2001; Sprugel 2002; 
Umeki and Seino 2003; Umeki et al. 2006). Consequently, growth of an 
individual branch may also be affected by conditions of other branches or of 
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the entire tree. When the growth rates of individual branches are 
interdependent, their aggregate performance may be properly considered as 
an “interactive modular response” (Kawamura 2010). Determinations of the 
relative importance of branch autonomy and the interactive modular 
response are required for better understanding the principles of growth 
allocation in trees and improved model simulations of tree architectural 
development. 
Branch growth has two sequential steps: the first is initiation of growth 
and the second is biomass accretion. Apical dominance and apical control 
interactively regulate growth initiation and biomass accretion, respectively 
(Cline 1997; Wilson 2000; Cline and Sadeski 2002; Cline et al. 2009). Apical 
dominance refers to active shoot apex repression of axillary bud outgrowth 
initiation, while apical control refers to a mechanism by which a higher 
dominating branch or shoot suppresses the current growth of a lower branch 
(Cline and Sadeski 2002). Thus, analysis or modeling of branch growth must 
separate qualitative (i.e., whether branch growth will be initiated) from 
quantitative (i.e., measures of biomass accretion) elements of branch growth. 
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Although complete suspension of growth is closely linked to the 
mortalities of shoots and branches, few studies have examined qualitative 
aspects of growth in these modular units (e.g., Sterck et al. 2003; Umeki et 
al. 2006). Branches of evergreen species do not die immediately when new 
shoot development is suppressed because these trees retain leaves on older 
shoots. However, branches die relatively quickly when they do not produce 
new leaves. Branch and shoot mortalities (with a consequent turnover of 
foliage) are important for tree architectural development (Maguire 1994; 
Mäkinen 1999a; Umeki and Kikuzawa 2000; Weiskittel et al. 2007).  Among 
tropical trees (which have a larger diversity of vegetative phenological 
patterns than plants in cooler climates), the impact of branch growth 
cessation varies by species (Sterck et al. 2003). Some tropical taxa are able 
to remain dormant (after the cessation of growth) for protracted periods of 
time without dying. 
In this chapter, two elements of branch growth: a qualitative response 
(whether a branch produces new annual shoots) and a quantitative response 
(biomass accretion in new annual shoots growing on shaded saplings) were 
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analyzed in four evergreen broad-leaved tree species in relation to internal 
and environmental influences. Specifically, the following questions were 
addressed. Which factors affect branch growth? Are qualitative and 
quantitative elements of branch growth affected by the same factors? Is 
branch autonomy important? Does architectural development differ among 
species? Does the conceptual continuum from shade-tolerance to shade-
avoidance contribute to improved understanding of interspecific differences 
in branch growth? 
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2-2 Materials and Methods 
2-2-1 Study site and species  
The study was conducted in Matsudo campus, Chiba University, 
central Japan (see Chapter 1 for details of the study site). Four evergreen 
broad-leaved tree species that were described in Chapter 1 were studied 
(Table 1-1): Castanopsis sieboldii (Makino) Hatus. ex T. Yamaz. et Mashiba, 
Cinnamomum tenuifolium (Makino) Sugim. ex H. Hara, Machilus thunbergii 
Siebold et Zucc., and Neolitsea sericea (Blume) Koizumi.  
 
2-2-2 Measurements 
In July 2011, I selected six or seven saplings belonging to each target 
species at the research site. The saplings had not been artificially planted; 
they grew under the forest canopy on almost flat ground or on gentle slopes. 
Sapling heights were in the range of 40–175 cm, and ages were in the range 
of 4–10 years.  
Immediately after selecting the target saplings, I captured 
hemispherical photographic images at the tips of all branches to estimate 
light intensity for each branch (Fig. 2-1). I calculated relative cumulative 
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photosynthetic photon flux densities (relative cPPFD) during the growing 
season (from April 1 to October 1) using Gap Light Analyzer version 2.0 
software (Frazer et al. 1999). This software estimated cumulative direct 
(beam) and diffuse radiation over this season. The software used growing-
season averages of the beam fraction (0.5: the ratio of direct [beam] to total 
[global] radiation incident on a horizontal surface) and the cloudiness index 
(0.5: the ratio of global radiation incident on a horizontal surface at ground 
level to the amount of extraterrestrial radiation incident on a horizontal 
surface outside the earth’s atmosphere) for radiation simulations. The 
software used each hemispherical photographic image (after conversion to a 
black-and-white image, with white representing the sky and black 
representing the canopy) to determine whether radiation from a particular 
direction penetrated the canopy and reached the location at which the 
hemispherical image was captured. The cumulative photosynthetic photon 
flux densities were divided by those above the canopy to yield relative 
cPPFD, which I used to model branch growth. Maximum relative cPPFD for 
the target saplings was in the range of 7.3–18.1%. When modeling branch 
growth, I also attempted to make use of canopy openness, a simpler 
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indicator of light availability that I calculated from each hemispherical 
photographic image with fewer assumptions; however, I failed to obtain 
convergences in Bayesian inferences with this indicator. 
Although canopy gaps were considered in calculating the cumulative 
PPFD at the location where hemispherical photographs were taken, the 
direct effect of spatial distribution of canopy gaps on branch growth (e.g. 
phototropism) was not considered in this study. The light quality (e.g. Red / 
Far-red ratio) was not considered in this study, either. Although some 
information on spatial distribution of canopy gaps and light quality can be 
obtained from hemispherical photographs, the quantification of them and 
inclusion of their effects into the analyses of branch growth were time-
consuming, and beyond the scope of this study. 
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Fig. 2-1. Equipment, hemispherical photograph, and software to quantify 
cumulative photosynthetic photon flux density. (A) A digital camera (Nikon 
Coolpix 950) with a fish-eye converter (Nikon FC-E8); (B) hemispherical 
photograph; (C) outlook of a software to analyze hemispherical photograph 
(Gap Light Analyzer ver. 2.0). 
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I harvested the aboveground parts of all saplings in October 2011. Bud 
scars were used to distinguish shoots. A shoot was defined as the portion of a 
stem with attached leaves produced by one growing point in the same 
annual vegetative cycle; the term current-year shoot expressed the shoot 
produced in the current year (2011 in this study). The age of each shoot was 
determined from the bud scars; with rare exceptions, a single growing point 
elongates once a year. 
The three-dimensional coordinates of the bases and tips of all shoots 
were measured using a Polhemus Fastrak system equipped with a digitizing 
pen and a Longranger transmitter (Polhemus, Inc., Colchester, VT, USA; 
Figs. 2-2 and 2-3). The three-dimensional coordinates of each shoot were 
used to calculate relative branch height and branch inclination (Fig. 2-4 see 
below for detailed explanation). 
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Fig. 2-2. Three dimensional magnetic digitizer FASTRAK (Polhemus. U.S). 
Digitizing pen (Stylus)  
26 
 
 
Fig. 2-3. Three-dimensional representations of the saplings studied: a 
Castanopsis sieboldii, b Cinnamomum tenuifolium, c Machilus thunbergii, d 
Neolitsea sericea. Only the stem frameworks are shown. Spheres represent 
the tips and bases of shoots, and lines represent stems. 
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Fig. 2-4. Schematic representations of a sapling before and after growth in 
one growing season; measurements taken from the sapling are indicated. 
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2-2-3 Calculations of branch mass 
I measured shoot lengths with rulers, and tip and base diameters with 
digital calipers; I recorded the dry mass of leaves and noted connections 
between shoots (parent shoot – offspring shoot relationships). I calculated 
stem volumes from shoot lengths and tip and base diameters assuming that 
a stem is shaped like a truncated cone. Stem volumes were converted to dry 
masses using mean specific gravities of 0.244 ± 0.017, 0.158 ± 0.010, 0.233 ± 
0.035, and 0.131 ± 0.007 (mean ± SE; g cm–3) for Castanopsis, Cinnamomum, 
Machilus, and Neolitsea, respectively. I subsampled 36–37 shoots for each 
species to determine specific gravities (the ranges of stem volumes were 
0.03–19.00, 0.42–72.42, 0.06–27.59, and 0.46–53.14 cm3 for Castanopsis, 
Cinnamomum, Machilus, and Neolitsea, respectively). 
The subsampled stems were dried at 80°C for 72 h. I calculated each 
specific gravity by dividing the measured stem dry mass by the calculated 
stem volume. Because specific gravities may differ among shoots of different 
ages, I used an ANOVA to determine whether shoot age had a significant 
effect on specific gravities of stems within each species. Shoot age did not 
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have a significant effect in any of the species studied (p > 0.05). Therefore, I 
used a single specific gravity value for each species to convert stem volume 
to stem mass. The total mass (stem and leaves) of current-year shoots 
(hereafter, mass growth rate) on each branch was used to represent mass 
growth of a branch. In total 145 branches were analyzed. I excluded trunks 
from the analyses. 
I estimated branch mass prior to the growth period in 2011 (initial 
branch mass) for modeling the effect of branch size on branch growth (see 
following subsection). I developed a model that estimated shoot stem mass 
from the length of the target shoot and the total length of all offspring 
shoots; the estimation I developed was based on the “pipe model” (Shinozaki 
1964), which assumes that the cross-sectional area of a shoot (AREAS) is 
proportional to the total leaf area attached to the target shoot and all 
offspring shoots (AREAL) as indicated in the following expression: 
AREAS = c AREAL, 
where c is a proportionality constant. Stem volume (VS) and mass (MS) can 
be calculated from AREAS and stem length (LS): 
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Vs = Ls AREAS, and 
Ms = d Vs = d Ls AREAS,  
where d is stem specific gravity. Assuming that AREAL has an allometric 
relationship with the sum of the lengths of the target shoot and all offspring 
shoots (LOS), the above equation can be reduced to 
Ms  = d Ls AREAS  = d c Ls AREAL = d c a Ls LOS h = A Ls LOS h, 
where a is a coefficient, h is an exponent of the allometric relationship, and          
A = d c a. As stem lengths (Ls and LOS) do not change through secondary 
growth, I can use the above equation to estimate stem mass before growth 
from the shoot lengths measured after the growth. Species-specific 
parameters (A and h) were obtained from nonlinear regression using data 
obtained from subsampled shoots (n = 36–37 for each species). The r2 values 
were very high (r2 = 0.94–0.98) for Castanopsis, Cinnamomum, and 
Neolitsea, but relatively low (r2 = 0.79) for Machilus  though still adequate 
for my estimations. I used these models to estimate the initial mass (before 
growth in 2011) of all shoots more than 1 year old. The estimated masses of 
shoots belonging to each branch were summed for the initial branch mass. 
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2-2-4 Statistical models 
I analyzed one qualitative and one quantitative elements of branch 
growth in the present study, i.e., the probability that a branch produces at 
least one current-year shoot (referred to hereafter as “branch-growth 
probability”) and the total mass (stem and leaves) of current-year shoots 
belonging to a branch (referred to hereafter as “mass growth rate”). To 
analyze branch-growth probability, I used data from all branches that were 
living at the beginning of the growing season in 2011; to analyze mass 
growth rate, I used data from all branches that produced at least one 
current-year shoot in 2011. 
I modeled branch-growth probability and mass growth rate as functions 
of factors that may influence branch growth (Fig. 2-4): initial branch mass, 
branch age, relative branch height, branch inclination, relative cPPFD at the 
branch tip, maximum relative cPPFD within a single sapling, and the 
interaction between relative cPPFD and maximum relative cPPFD. Initial 
branch mass was estimated using the above method. Branch age was 
defined as the age of the oldest shoot on the branch. Relative branch height 
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was defined as the ratio of the height of the highest tip among shoots older 
than 1 year to the sapling height at the beginning of the growing season. I 
also attempted to use the height of branch insertion on the trunk (branch 
base height) rather than branch tip height as a positional factor influencing 
branch growth, but fits were better for models using branch tip heights. 
Therefore, I selected relative branch tip height as a positional factor for 
inclusion in the models. Branch inclination was defined as the angle formed 
by the horizontal plane and the line connecting the highest tip of a branch at 
the beginning of the growing season and the branch base. Maximum relative 
cPPFD and the interaction between the relative cPPFD and maximum 
relative cPPFD were included in the models to capture potentially 
interactive branch-growth regulation among branches of a single sapling. 
Hierarchical Bayesian models with three levels of parameters (saplings, 
species, and hyper-species) were used to relate the response variables to the 
explanatory variables taking into account the data nesting structures: 
branches belonging to saplings, saplings belonging to species and, species 
with hyper-species trends in common. 
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The following equations were used to analyze branch-growth 
probability: 
bijk ~ Bern(pijk) 
logit(pijk) = c0ij + c1ij mijk + c2ij aijk + c3ij hijk + c4ij Iijk + c5ij lijk + c6ij Lij + c7ij lijk 
Lij, 
where bijk is a binary variable for the kth branch of the jth sapling of the ith 
species; this variable takes the value of 1 when a branch produces current-
year shoots and is 0 otherwise. pijk is the probability that a branch produces 
current-year shoots, mijk is the initial branch mass, aijk is the branch age, hijk 
is the relative height, Iijk is the branch inclination, lijk is the relative cPPFD, 
Lij is the maximum relative cPPFD within a sapling, and c0ij–c7ij are 
parameters specific to the jth sapling of the ith species. Bern(p) is a 
Bernoulli distribution with a probability p, and logit(p) is a logit 
transformation. To attain rapid convergence of Markov chain Monte Carlo 
(MCMC) samplings, all explanatory variables in the above model were 
standardized by subtracting the mean and dividing by the standard 
deviation. 
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The prior distributions for parameters at the sapling level (c0ij–c7ij) were 
assumed to follow normal distributions. Thus, 
cxij ~ N(cxi, sxi2),    (x = 1–7)  
where cxi are parameters expressing species-specific trends, and sxi is a 
standard deviation reflecting the extent of differences among saplings of 
each species. 
   The prior distributions of species-specific parameters (c0i–c7i) were 
assumed to follow normal distributions. Thus, 
cxi ~ N(cx, sx2),    (x = 1–7) 
where cx are hyper-parameters expressing trends across species, and sx is a 
standard deviation reflecting the extent of differences among species. 
For cx, uninformative priors were assumed as cx ~ N(0, 106). For sx and 
sxi, relatively uninformative priors were assumed as sx or sxi ~ U(0, 0.5), 
where U(ua, ub) is a continuous uniform distribution with a minimum value 
ua and a maximum value ub. I chose a relatively narrow range for the prior 
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distribution of sx and sxi because the MCMC samplings did not converge with 
wider ranges of prior distributions. 
The following equations were used to analyze mass growth rate: 
gijk ~ N(ijk, s2) 
ijk = c0ij + c1ij mijk + c2ij aijk + c3ij hijk + c4ij Iijk + c5ij lijk + c6ij Lij + c7ij lijk Lij, 
where gijk and ijk are the observed and expected mass growth rate of the kth 
branch of the jth sapling of the ith species, respectively. The observed mass 
growth rate gijk was assumed to follow a normal distribution with a mean ijk 
and a variance s2. To attain rapid convergence of MCMC samplings, the 
response variable and all explanatory variables in the above model were 
standardized. 
I assumed that the prior distributions of sapling-specific parameters 
(c0ij–c7ij) and species-specific parameters (c0i–c7i) were the same as those 
described above in the analysis of branch-growth probability. For cx and the 
reciprocals of s, sx, and sxi, uninformative priors were assumed as cx ~ N(0, 
106), 1/s2 ~ G(10–2, 10–2), 1/s2x ~ G(10–2, 10–2), and 1/s2xi ~ G(10–2, 10–2), 
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respectively, where G(ga, gb) is a gamma distribution with a shape 
parameter ga and a rate parameter gb. 
 
2-2-5 Markov chain Monte Carlo methods 
The posterior distributions of all parameters were determined by 
MCMC methodology using WinBUGS software (Spiegelhalter et al. 2003). 
For branch-growth probability, I ran three independent MCMC chains and 
recorded 50,000 samples after a burn-in of 10,000 for each chain. The chains 
were thinned every 20 runs, yielding 7,500 independent samples from the 
posterior distribution. For mass growth rate, I ran three independent 
MCMC chains and recorded 130,000 samples after a burn-in of 70,000 for 
each chain. The chains were thinned every 50 runs, yielding 7,800 
independent samples from each posterior distribution. For each parameter, I 
checked the convergence of the MCMC chains using a    value (Gelman et al. 
2004). When all    values were <1.1, I deemed the sampling from the 
posterior distribution to have reached convergence. The mean and 95% 
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Bayesian credible intervals for each parameter were calculated based on 
MCMC samples. 
I conducted model selection to obtain those models that included only 
explanatory variables important for the determination of branch-growth 
probability and mass growth rate by using the deviation information 
criterion (DIC) values (Spiegelhalter et al. 2002). In the model selection for 
branch-growth probability, I reduced the hierarchical structures of the 
model parameters to two levels (species and hyper-species) because some of 
the variables diverged during the MCMC samplings when I used a model 
with parameters for the three-level hierarchical structures. 
To explore species-specific branch-growth probabilities and mass 
growth rate, I depicted dependencies on the factors in the selected model 
using species-specific parameters (c0i–c7i). I used each explanatory variable 
in turn from a selected model as an x-axis variable. The posterior means of 
all parameters and the mean values of the explanatory variables excluded 
from use as the x-axis variable were used to calculate the predicted values of 
branch-growth probabilities and mass growth rate. The predicted values 
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were calculated only within the range of the observed values of the x-axis 
variable. The relationship between predicted branch-growth probability and 
relative cPPFD was calculated using three levels of maximum relative 
cPPFD within the branch framework of a single sapling as explained below. 
  
39 
 
2-3 Results 
2-3-1 Branch-growth probability 
The model selected included initial branch mass, relative branch height, 
relative cPPFD, and maximum relative cPPFD within the branch framework 
of a single sapling as relevant explanatory variables affecting branch-growth 
probability (Table 2-1).  
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Table 2-1. Posterior means and 95% Bayesian credible intervals for the 
unstandardized species-specific parameters in the selected model for branch-
growth probability. Parameters in boldface indicate that their 95 % Bayesian 
credible intervals do not include zero. 
Parameter Hyper species 
Castanopsis 
sieboldii 
Cinnamomum 
tenuifolium 
Machilus 
thunbergii 
Neolitsea  
sericea 
c0i 
-8.087  
[-13.355, -3.110] 
-6.833  
[-12.675, -1.318] 
-8.399 
[-14.191, -2.861] 
-7.264  
[-13.495, -1.256] 
-9.869  
[-15.855, -4.131] 
c1i 
0.539 
[0.100, 1.006] 
0.558  
[0.112, 1.080] 
0.558  
[0.071, 1.078] 
0.539 
[0.048, 1.062] 
0.496  
[0.042, 0.963] 
c3i 
6.974 
[3.463, 10.770] 
5.181 
[0.656, 9.462] 
7.496 
[3.705, 11.87] 
7.566 
[3.528, 12.265] 
7.715 
[3.763, 12.320] 
c5i 
0.56  
[0.187, 0.951] 
0.565 
[0.191, 0.970] 
0.573  
[0.164, 0.997] 
0.483  
[0.063, 0.905] 
0.616  
[0.193, 1.083] 
c6i 
-0.175 
[-0.486, 0.132] 
-0.2  
[-0.493, 0.098] 
-0.192  
[-0.540, 0.146] 
-0.169  
[-0.520, 0.181] 
-0.138  
[-0.490, 0.241] 
The selected model for branch-growth probability: 
bijk ~ Bern( pijk ) 
logit( pijk ) = c0ij + c1ij mijk + c3ij hijk + c5ij lijk + c6ij Lij, 
where bijk is a binary variable for the kth branch of the jth sapling of the ith 
species. This variable takes one when a branch produces current-year shoots 
and zero otherwise; pijk is the probability that a branch produces current-
year shoots; mijk is the branch initial mass; hijk is the relative height; lijk is 
the relative cPPFD; Lij is the maximum relative cPPFD within a sapling; 
and c0ij, c1ij, c3ij, c5ij, and c6ij are parameters specific to the jth sapling of the 
ith species. Bern( p ) is a Bernoulli distribution with a probability p, and 
logit() is a logit transformation. See text for the relationships between 
species-specific parameters and sapling-specific parameters. 
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The directions of the effects were the same across species studied. Initial 
branch mass, relative branch height and relative cPPFD had positive effects 
on branch-growth probability, whereas maximum relative cPPFD within the 
branch framework of a single sapling had a negative effect. Among the 
selected variables, the effect of the maximum relative cPPFD within a single 
sapling was weakest; the 95% Bayesian credible intervals of the parameter 
for this variable included 0. 
Species-specific relationships between predicted branch-growth 
probability and initial branch mass ran in parallel (Fig. 2-5a). When initial 
branch mass was >10 g, the predicted branch-growth probability was nearly 
1 for all species analyzed. When initial branch mass was <10 g, the predicted 
branch-growth probability differed among species in the following rank 
order: Neolitsea < Cinnamomum < Castanopsis ≈ Machilus; this order was 
determined principally by the intercept (c0i) values. Species rank order was 
similar for the proportion of branches with current-year shoots in the total 
branch number: Neolitsea (57.7%) < Cinnamomum (71.8%) < Castanopsis 
(75.0%) < Machilus (82.5%). 
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Fig. 2-5. Predicted branch-growth probability in relation to a initial branch mass 
and b relative branch height. Predicted branch-growth probabilities were calculated 
within the observed range of an x-axis variable using a model chosen through a 
selection procedure with species-specific parameters (c0i – c7i; Table 2-1). Variables 
other than the x-axis variable were set to the mean values for each species. Narrow 
solid line: Castanopsis sieboldii; narrow dashed line: Cinnamomum tenuifolium; 
thick solid line: Machilus thunbergii; thick dashed line: Neolitsea sericea 
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Relative branch height exerted positive effects on branch-growth 
probability in all species (Fig. 2-5b); the rank order of species by branch-
growth probability was similar to the rank orders above when the relative 
branch height was <0.7. The slope of the relationship was less steep for 
Castanopsis than the other species, indicating that growth was evenly 
distributed within the crown of Castanopsis but concentrated in the upper 
regions of crowns for other species. 
Both the relative cPPFD at branch tips and the maximum relative 
cPPFD within a single sapling affected branch-growth probability (Table 2-1). 
To determine the dependencies of branch-growth probability on relative 
cPPFD at both the branch and sapling levels, we calculated predicted 
branch-growth probabilities using relative cPPFD as an x-axis variable and 
three fixed values (10%, 15%, and 20%) of the maximum relative cPPFD (Fig. 
2-6). 
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Fig. 2-6. Relationship between predicted branch-growth probability and 
relative cPPFD at the branch tip. Predicted branch-growth probabilities 
were calculated using a model chosen through a selection procedure with 
species-specific parameters (c0i, c1i, c3i, c5i, and c6i; Table 2-1). Predictions are 
for three levels of the maximum relative cPPFD within a single sapling (10%, 
15%, and 20%). Other variables were set to the mean values for each species.   
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The three lines plotted in Fig. 2-6 may be considered as 
representations of branch-growth probability in a totally shaded sapling 
(maximum relative cPPFD = 10%), a partially shaded sapling (maximum 
relative cPPFD = 20%), and a sapling growing under intermediate light 
conditions (maximum relative cPPFD = 15%). The predicted branch-growth 
probability of all species decreased as relative cPPFD decreased. The 
probability for shaded branches (when the relative cPPFD was <10%) was 
smaller for the plotted line with maximum relative cPPFD = 20% than for 
the line with maximum relative cPPFD = 10%. Thus, shaded branches in 
partially shaded saplings were less likely to develop current-year shoots 
than shaded branches in totally shaded saplings. The differences between 
the plotted lines were less marked for Neolitsea than for the other species. 
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2-3-2 Mass growth rate 
The selected model for mass growth rate included initial branch mass, 
relative branch height, branch inclination, and relative cPPFD (Table 2-2). 
The selected variables differed slightly from those selected for branch-
growth probability. Maximum relative cPPFD was not included in the 
selected model for mass growth rate. The selected model explained large 
proportions of the variance in observed mass growth rate (r2 = 0.48–0.93; Fig. 
2-7). 
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Table 2-2. Posterior means and 95% Bayesian credible intervals for the 
unstandardized species-specific parameters in the selected model for mass 
growth rate. Parameters in boldface indicate that their 95 % Bayesian 
credible intervals do not include zero. 
Parameter 
Hyper 
species 
Castanopsis 
sieboldii 
Cinnamomum 
tenuifolium 
Machilus 
thunbergii 
Neolitsea 
sericea 
c0i 
-2.737  
[-9.09, 3.512] 
-2.182  
[-6.628, 2.08] 
-3.59  
[-10.89, 3.242] 
-3.815  
[-9.653, 2.096] 
-1.295  
[-7.934, 5.564] 
c1i 
0.133  
[-0.298, 0.571] 
0.091  
[-0.159, 0.387] 
0.126  
[-0.406, 0.656] 
0.25  
[-0.16, 0.678] 
0.038  
[-0.527, 0.503] 
c3i 
3.08  
[-2.157, 8.4] 
2.385  
[-1.458, 6.219] 
4.613  
[-0.372, 9.996] 
3.511  
[-1.599, 8.471] 
1.907  
[-3.922, 7.293] 
c4i 
-0.004  
[-0.041, 0.032] 
-0.008  
[-0.034, 0.019] 
-0.005  
[-0.053, 0.041] 
0.001  
[-0.032, 0.036] 
-0.006  
[-0.047, 0.035] 
c5i 
0.163  
 [-0.216, 0.57] 
0.135  
[-0.111, 0.422] 
0.156  
[-0.322 , 0.699] 
0.199  
[-0.2, 0.643] 
0.15  
[-0.359, 0.632] 
The selected model for mass growth rate: 
gijk ~ N( μijk, s
2
 ) 
μijk = c0ij + c1ij mijk + c3ij hijk + c4ij Iijk + c5ij lijk, 
where gijk and μijk are observed and expected mass growth rate of the kth branch of the 
jth sapling of the ith species, respectively. The observed mass growth rate gijk is assumed 
to follow a normal distribution with a mean μijk and a variance s
2
; mijk is the branch 
initial mass; hijk is the relative height; Iijk is the branch inclination; lijk is the relative 
cPPFD; and c0ij, c1ij, c3ij, c4ij, and c5ij are parameters specific to the jth sapling of the ith 
species. See text for the relationships between species-specific parameters and sapling-
specific parameters. 
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Fig. 2-7. Relationships between observed and predicted mass growth rate. 
Predicted mass growth rate was calculated using the selected model and 
sapling-specific parameters (c0i – c7i; Table 2-2). Diagonal lines indicate 1:1 
relationships 
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The directions of the effects of the selected factors were generally 
common across species studied (Table 2-2). Initial branch mass, relative 
branch height, and relative cPPFD had positive effects on mass growth rate. 
The effect of the factors selected was generally weak at the species level; the 
95% Bayesian credible intervals of the parameters included 0. The 95% 
Bayesian credible intervals of the parameters did not include 0 for only some 
of the variables in some of the saplings (results not shown). 
The relationships between predicted mass growth rate and relative 
branch height or branch inclination were similar across species analyzed 
(Fig. 2-8b, c). Differences between Castanopsis and Machilus were most 
marked among the four species for the relationships between the initial 
branch mass and the predicted mass growth rate (Fig. 2-8a), and between 
the relative cPPFD and the predicted mass growth rate (Fig. 2-8d). The 
slopes of the relationships were less steep for Castanopsis than for Machilus. 
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Fig. 2-8. Predicted branch mass growth rate related to a initial branch mass, b 
relative branch height, c branch inclination, and d relative cPPFD. Predicted mass 
growth rate was calculated using a model chosen through a selection procedure 
with species-specific parameters (c0i, c1i, c3i, c4i, and c5i; Table 2-2). Variables other 
than the x-axis variable were set to the mean values for each species. Narrow solid 
line: Castanopsis sieboldii; narrow dashed line: Cinnamomum tenuifolium; thick 
solid line: Machilus thunbergii; thick dashed line: Neolitsea sericea 
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2-4 Discussion 
Internal (initial branch mass, relative branch height, and branch 
inclination) and external environmental factors (relative cPPFD) affected 
branch growth parameters of the four evergreen broad-leaved tree species in 
this temperate Japanese forest. Previous studies have also demonstrated 
that diverse factors influence branch growth (e.g., Umeki and Kikuzawa 
2000; Umeki and Seino 2003; Weiskittel et al. 2007). In this study, the 
inclination and aspect of slopes did be included in the analyses of branch 
growth or current-year shoot structure because they were not measured. 
However, several previous studies showed that the inclination and aspect of 
slopes have some effects on architecture of trees probably because they 
modify the distribution of light (e.g. Umeki 1995). Some other factors that 
were not considered in this study can also affect branch growth. Therefore, 
tree architecture is regulated by a wide range of genetic, developmental, and 
environmental factors, with hormones playing a central role in mediating 
these diverse influences (Leyser 2003).  
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In this study, I analyzed two elements of branch growth (branch-growth 
probability and mass growth rate). Previous studies treated these two 
components as physiologically different processes and assumed that they are 
likely regulated by different factors (Cline and Sadeski 2002; Cline et al. 
2009). However, very few investigations have examined these two elements 
of growth separately within the same study. I found that slightly different 
factors operated on the two elements of branch growth. Therefore, future 
modeling studies on tree architectural development should explicitly include 
these two processes. 
The dependencies of branch-growth probability and mass growth rate 
on the factors selected for my modeling exercise may be interpreted as parts 
of a growth strategy to increase light interception under competitive 
conditions. For example, branches at relatively high elevations in the trees I 
studied had high probabilities of developing current-year shoots and tended 
to grow more than branches at lower elevations. Thus high-elevation branch 
behavior allows saplings to elevate their foliage to higher positions, thereby 
avoiding overtopping and shading by growing competitors. Similarly, the 
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positive effects of relative cPPFD on branch-growth probability and mass 
growth rate helped saplings shift their foliage to sunlit spaces where they 
would be able to intercept more light. 
The direction of effect of branch inclination on mass growth rate may be 
counterintuitive; mass growth rate increased as branches became more 
horizontal (Fig. 2-8). However, branch inclination did not have strong effects; 
i.e., their 95% Bayesian credible intervals included zero (Table 2-2). 
Although the effect of branch inclination was weak at the species level, it 
was selected as relevant factors in the model selection procedure because it 
exhibited considerable variation (from negative values to positive values) in 
parameter estimates at the sapling level (results not shown). Another 
possible reason for the counterintuitive coefficients may be correlations 
between explanatory variables. When explanatory variables are correlated, 
the signs of coefficients for explanatory variables can differ from those of the 
correlation coefficients between each explanatory variable and the response 
variable (Ryan 1997). In this situation, one should exercise caution when 
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interpreting the results; however, “wrong” signs may not be a serious 
problem when regression models are used for prediction (Ryan 1997). 
The selected model for branch-growth probability included relative 
height and maximum relative cPPFD within a single sapling, indicating that 
conditions specific to a particular branch and those of the entire sapling 
affected branch-growth probability. Thus, branch growth is determined to 
some extent by interactions among branches in a single sapling. Although 
branch autonomy has been supported by several experimental studies 
(Watson and Casper 1984; Hasegawa et al. 2003; Hoch 2005; Volpe et al. 
2008), it was not detected in the initial stages of branch growth in the 
present study. An experimental study of branch autonomy in young walnut 
trees found that the movement of carbohydrates between branches was not 
significant in summer, but was considerable in winter and spring when buds 
sprouted (hence, no autonomy was detected; Lacointe et al. 2004). My 
finding that shaded branches in partially shaded saplings were less likely to 
develop current-year shoots than shaded branches in totally shaded saplings 
indicates that competitive interactions among branches (known as 
55 
 
correlative inhibitions) were important for branch-growth probability in the 
four species studied. 
Interactions among branches may also be important in determining 
mass growth rate because one of the factors affecting mass growth rate 
(“relative” branch height; Table 3) was not an exclusive property of target 
branches. Therefore, apical control (quantitative control of branch growth by 
other branches or shoots) may have been important for the saplings studied. 
Previous studies have also found that interactions among branches or shoots 
were important in determining the amount of growth in other tree species 
(Stoll and Schmid 1998; Takenaka 2000; Henriksson 2001; Sprugel 2002; He 
and Dong 2003; Novoplansky 2003; Umeki and Seino 2003; Umeki et al. 
2006). I detected some differences among species in branch-growth 
probability (Figs. 2-5, 2-6), notably in the intercept (c0i) values. The rank 
order of species intercept values was Neolitsea < Cinnamomum < Machilus < 
Castanopsis (Table 2-1), which very similar to the rank order of the 
proportion of branches that produced current-year shoots. Neolitsea, the 
first species in the rank, mostly allocated growth to branches at higher 
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positions in the crown (Fig. 2-5b). Saplings of this species do not allocate 
growth to shaded branches even when they were totally shaded (Fig. 2-6). 
This selective allocation would result in a rapid development of foliage in 
high-elevation spaces for the interception of strong light under competitive 
conditions. This form of allocation may be typical of shade avoiders (Henry 
and Aarssen 1997). In contrast, Castanopsis, the lowest ranking species, 
allocated resources to branch growth regardless of branch relative height 
(Fig. 2-5b). Branch-growth probability in the shaded branches of this species 
was relatively high when saplings were totally shaded (Fig. 2-6). This may 
be the strategy of shade tolerators (Henry and Aarssen 1997). However, 
branch-growth probability of shaded branches in this species decreased 
when saplings were partly shaded, which may be the strategy of shade 
avoidance. Therefore, the complicated patterns of responses to factors cannot 
be readily fit to the simple continuum spectrum from shade tolerance to 
shade avoidance. 
Somewhat similar interspecific differences were found in the 
relationships between predicted mass growth rate and selected factors (Fig. 
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2-8). Among the four species, Castanopsis had the least steep slopes in the 
relationship between mass growth rate and initial branch mass and in the 
relationship between mass growth rate and relative cPPFD. Thus, among 
the four species, Castanopsis tended to allocate growth more evenly to 
branches of different sizes and with different light availabilities. However, 
the interspecific differences were not consistent between branch-growth 
probability and mass growth rate. Moreover, the interspecific differences I 
detected did not have clear relationships with other characteristics of the 
species studied (Table 1-1). Previous study on photosynthesis of the four 
species (Date 2008) showed that the four species did not differ significantly 
from each other in light-saturated photosynthetic rate (Amax) or light 
compensation point, which is a good indicator of shade tolerance at the leaf 
level (Fig. 2-9). These results on photosynthetic traits indicate that 
interspecific differences in branch growth were not necessarily accompanied 
with physiological aspects of shade tolerators. Consequently, more data are 
required before drawing up generalizations on the spectrum of architectural 
strategies utilized by shaded saplings. 
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Fig. 2-9. Light-saturated photosynthetic rate and light compensation point 
related to leaf age. Photosynthetic rates were measured on Matsudo campus, 
Chiba University, Matsudo city, Japan, in September – October 2007 when 
maturation of current-year leaves completed. The measurements were 
conducted at CO2 concentration of 350 (ppm) and at PPFD of 0, 50, 100, 500, 
and 1000 (μmol photon m-2 sec-1) using a portable photosynthesis system (LI-
6400, LiCOR, Nebraska, USA). Photosynthetic rates at 1000 (μmol photon m-
2 sec-1) were used as light-saturated photosynthetic rates. To summarize a 
light-photosynthesis relationship of a leaf, a nonrectangular hyperbola was 
fitted to the data of PPFD and photosynthetic rates, and a light 
compensation point was calculated. Three leaves were measured for each 
combination of species and leaf age, and mean values of light-saturated 
photosynthetic rate and light compensation point were calculated. 
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Chapter  3 
 
 
 
Current-year shoot structure 
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3-1 Introduction 
 
In this chapter, I analyzed relative height, length, and inclination of 
current-year shoots to understand the architectural differences among 
shaded saplings of the four evergreen broad-leaved tree species (Castanopsis 
sieboldii, Cinnamomum tenuifolium, Machilus thunbergii and Neolitsea 
sericea). Saplings of evergreen broad-leaved tree species are often found in 
understories of natural forests in the warm-temperate zone in Japan.  These 
species can be considered more or less shade-tolerant because they can 
survive under shaded conditions. The strategies that make them shade-
tolerant may differ among species, Nitta and Ohsawa (1998) found 
differences in bud structure of evergreen broad-leaved tree species. They can 
be morphological bases of architectural and phenological differences among 
species.  
The architectural response of trees to limited light can be generally 
described by two strategies. The first strategy is characterized by horizontal 
spread of crowns for more efficient light interception without strong self-
shading within crowns. This architectural strategy is a component of more 
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general compound strategy (including not only architectural component but 
also physiological and phenological component) termed “shade tolerance” 
(Henry and Aarssen, 1997, 2001; Cheng et al., 2011). The second strategy is 
characterized by rapid vertical growth that enables saplings to shift their 
foliage from shaded lower spaces to sun-lit higher spaces and to maximize 
future light interception. This architectural strategy is a component of more 
general compound strategy termed “shade avoidance”. Although rapid 
vertical growth is often considered as an adaptive strategy in the early 
stages of succession characterized by steep vertical gradients in light 
intensity, it can be found even in shade-tolerant species. Although a pair of 
terms “shade tolerance” and “shade avoidance” has been used for two 
general compound strategies (Henry and Aarssen, 1997, 2001; Cheng et al., 
2011), another pair of architectural terms “horizontal spread of foliage” and 
“vertical shift of foliage” is used in this study to focus on only architectural 
aspects. 
 To fully understand the architectural strategies against shading (i.e. 
horizontal spread of foliage and vertical shift of foliage), architecture 
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between shaded and unshaded individuals need to be compared. However, 
even if only data from shaded individuals are available, important 
information on the architectural strategies against shading can still be 
obtained. For example, if a shaded individual produces only long vertical 
stems, it cannot have the architectural strategy for horizontal spread of 
foliage. The tree architecture at the individual level is determined by the 
size, position, direction of component shoots (shoots are defined as a stem 
and leaves that originate from a bud) and interdependencies between them. 
Therefore, I analyzed some traits of shoots and relationships among them in 
this study. 
The purpose of this study is to clarify if there are different architectural 
strategies among saplings of shade-tolerant evergreen broad-leaved tree 
species and to understand species-specific architectural strategies against 
shading. The questions I address are 1) do relative height, length, and 
inclination of current-year shoots differ among combinations of species and 
shoot types (terminal and lateral shoots)?, and 2) do relationship between 
relative height and length of current-year shoots and that between relative 
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height and inclination of current-year shoots differ among species? Based on 
the results of the analyses, the strategies against shading for saplings of 
shade-tolerant evergreen broad-leaved tree species are discussed. 
3-2 Materials and Methods 
3-2-1 Measurements and calculation 
The data used in this chapter was the same as those used in the 
previous chapter. Below are the summarized explanations of the methods to 
obtain the data and additional explanation of shoot types and data 
processing. 
In July 2011, I selected six to seven saplings for each of the target 
species on Matsudo campus of Chiba University (Table 3-1). In October 2011, 
I harvested the aboveground parts of all saplings and divided them into 
shoots using bud scars, and determined age of each shoot. I also determined 
shoot type (lateral shoots vs. terminal shoots) based on the position where 
shoots emerged from their parent shoots. The three-dimensional coordinates 
of bases and tips of shoots were measured with the Polhemus Fastrak 
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system, equipped with a digitizing pen and. Longranger transmitter 
(Polhemus, Inc., Colchester, VT, USA). 
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 C. sieboldii M. 
thunbergii, 
C. 
tenuifolium 
N. sericea 
Number 6 6 6 7 
Individual height 
(cm) 
40-121 76-175 100-122 66-126 
Age (years) # 6-9 5-9 5-10 4-7 
Relative PPFD (%) 
† 
7.3-18.1 9.6-12.9 9.5-12.7 8.8-11.0 
 
Table 3-1. Number, individual height, age, and relative photosynthetic 
photon flux density (PPFD) of the sampled saplings. 
 
#: The age of individual was estimated by bud scars on main trunk. Because bud 
scars become indiscernible as they age, the individual ages may be underestimated. 
†: PPFD was estimated from hemispherical photographs taken at the top of 
individuals. “Gap Light Analyzer” software (Frazer et al. 1999) was used to 
calculate relative PPFD. 
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In this chapter, I focused only on current-year shoots. For each current-
year shoot, I calculated length and inclination from the horizontal plane 
using three-dimensional coordinates. I also calculated relative height by 
dividing the height of base of shoots by the height of highest shoot bases in 
an individual crown.  
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3-2-2 Statistical analyses 
I conducted two-way ANOVA for relative height, length, and inclination, 
with species, shoot types, and their interaction used as factors. Means of the 
response variables for the combinations of species and shoot types were 
compared with the Tukey–Kramer method.  
Values of relative height were arcsine-transformed to stabilize the 
variance. To examine the species-specific relationship between the variables, 
I regressed shoot length and shoot inclination on shoot relative height. To 
implement the above statistical analyses, I used the R ver. 2.14.0 software (R 
Development Core Team, 2011). 
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3.3  Results 
The effects of species, shoot type, and their interaction on relative height of shoots 
were significant (Table 3-2). 
 
Table 3-2. Summary of ANOVA for arcsine-
transformed relative height of current-year shoots. 
 
 
 
 
 
 
  
 
Factor df 
F-
value 
p-
value 
species 3 12.501 <0.001 
shoot type 1 36.159 <0.001 
interaction 3 2.712 0.045 
Residuals 327   
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Castanopsis and Machilus produced their current-year terminal shoots 
in lower positions whereas Machilus, Cinnamomum and Neolitsea produced 
current-year lateral shoots in higher positions (Fig. 3-1). Although lateral 
shoots were generally produced in higher positions than terminal shoots for 
all species analyzed, the difference between lateral and terminal shoots 
differed quantitatively among species making the effect of the interaction 
significant. The difference was the largest for Machisus  and the smallest for 
Cinnamomum. 
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Fig. 3-1. Relative heights of current-year shoots for four broad-leaved tree 
species. Different letters on the boxes indicate significant difference (p <0.05) 
by the Tukey–Kramer multiple comparison. 
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The effects of species, shoot type, and their interaction on shoot length were 
significant (Table 3-3).   
 
Table 3-3. Summary of ANOVA for length of current-year shoots.  
 
  
Factor df 
F-
value 
p-
value 
species 3 52.157 < 0.001 
shoot type 1 107.292 < 0.001 
interaction 3 17.502 < 0.001 
Residuals 327   
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Lateral and terminal shoots of Castanopsis and terminal shoots of 
Neolitsea and terminal shoots of Machilus were shorter than lateral and 
terminal shoots of Cinnamomum and lateral shoots of Machilus (Fig. 3-2). 
Although lateral shoots generally longer than terminal shoots for all species 
analyzed, the difference between lateral and terminal shoots differed 
quantitatively among species making the effect of the interaction significant. 
The difference was the largest for Machilus and the smallest for Castanopsis. 
There were six outliers in the shoot length distribution in terminal shoots of 
Machilus. The outliers were larger than the other terminal shoots. They all 
belong to main trunks. 
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Fig. 3-2. Length of current-year shoots for four broad-leaved tree species. 
Different letters above the boxes indicate significant difference (p <0.05) by 
the Tukey–Kramer multiple comparison. 
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The effects of species, shoot type, and their interaction on shoot inclination 
were significant (Table 4). 
 
Table 3-4. Summary of ANOVA for inclination of current-year shoots. 
 
 
  
Factor df 
F-
value 
p-
value 
species 3 39.0762 < 0.001 
shoot type 1 24.6635 < 0.001 
interaction 3 9.6552 < 0.001 
Residuals 327   
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Inclination was smaller for lateral shoots of all species and terminal shoots of 
Castanopsis than for terminal shoots of Cinnamomum, Machilus, and Neolitsea 
(Fig. 3-3). The difference between lateral and terminal shoots differed 
quantitatively among species, and it was the largest for Machilus and the 
smallest for Castanopsis.  
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Fig. 3-3. Inclination of current-year shoots for four broad-leaved tree species. 
Different letters above the boxes indicate significant difference (p <0.05) by 
the Tukey–Kramer multiple comparison. 
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For all species analyzed, significant positive relationships between 
relative height and length of current-year shoots were found (Fig. 3-4). The 
slope of the relationship was the smaller for Castanopsis than for other 
species. 
A significant positive relationship between relative height and 
inclination of current-year shoots was found for Cinnamomum whereas a 
negative relationship was found for Machilus (Fig. 3-5). The relationship 
was not significant for Castanopsis and Neolitsea. 
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Fig. 3-4. Relationship between relative height and length of shoots. 
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Fig. 3-5. Relationship between relative height and inclination of shoots. 
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3.4 Discussion 
The results that lateral shoots were longer than terminal shoots may be 
counterintuitive because apical dominance by terminal shoots usually 
suppresses the growth of lateral shoots (Cline, 1997). Actually, terminal 
shoots were larger than lateral shoots if the comparison was made between 
terminal and lateral shoots that emerged from the same parent shoots for all 
species except Machilus that has a peculiar architectural pattern (discussed 
below). In the analysis of this study, the data included short terminal shoots 
in lower parts of crowns where parent shoots produced only a few lateral 
shoots. The scarceness of lateral shoots in lower parts in crown resulted in 
large mean values of shoot length for lateral shoots. 
Based on the result of the architectural analyses in this study, 
characteristics of the target species can be summarized as follows. 
Compared with other three species, Castanoposis seemed to have an 
architectural strategy for horizontal spread of foliage when they are shaded. 
Saplings of this species had shorter, inclined current-year shoots that are 
distributed relatively uniformly within crowns (Figs. 3-1, 3-2, and 3-3). With 
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these traits, Castanoposis can form horizontal wide crown to reduce mutual 
shading among leaves, and do not produce long vertical shoots in upper 
parts of a crown to escape shading by their competitors. These strategies 
lead to a somewhat uniform crown structure. 
This can be confirmed by the relationship between relative height and 
length of shoots (Fig. 3-4) where the slope of the regression line was the 
smallest among the species studied. Additionally, the shoot inclination was 
consistently low both in upper and lower parts of crowns (Fig. 3-5).  
Although other species showed more or less exhibit architectural traits 
for vertical shift of foliage, most typical ones may be found in Neolitsea: 
relative height of lateral shoots of this species was located near the top of 
individual in the previous year, length of lateral shoots and inclination of 
terminal shoots were among a group with largest values (Figs. 3-1, 3-2, and 
3-3). These tendencies indicate that saplings of this species shift foliage 
upward by producing longer and more vertical shoots in upper parts of a 
crown. These patterns lead to a hierarchical crown structure with long 
current shoots concentrated in upper parts of crown (Fig. 3-4). The shoot 
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inclination was consistently large both in upper and lower parts of crowns 
(Fig. 3-5). This also helps individuals shift their foliage upward.  
Architecture of Machilus was characterized by high differentiations 
among three types of shoots: terminal shoots in main trunks and lateral and 
terminal shoots in branches. This species produce nearly horizontal long 
lateral shoots in upper parts to intercept light efficiently while developing 
relatively long vertical terminal shoots at the top of the main trunk to 
enhance vertical shift of foliage (Figs. 3-1, 3-2, and 3-3). Terminal shoots 
located at branch tips are vertical but short (Figs. 3-4 and 3-5). They 
maintain leaves in lower parts of a crown. These differentiations in shoot 
traits correspond to the morphological and developmental characteristics of 
this species, which is classified into Aubréville’s model (Hallé et al., 1978). 
Cinnamomum is another species with the strategy for vertical shift of 
foliage characterized by a vertical hierarchy in crown structure. Terminal 
and lateral shoots of this species were longer and more vertical in upper 
parts of crowns (Figs. 3-4 and 3-5). With this hierarchy, saplings of this 
species can shift foliage upward and escape from shading by their 
competitors. 
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Although all studied species are more or less shade-tolerant, and their 
saplings co-exist under shaded conditions, I found some differences among 
them in architectural traits. The most noticeable differences were found 
between Castanopsis and the other species. The differences between them 
generally corresponded to the different responses against shading: 
“horizontal spread of foliage” and “vertical shift of foliage”. Architectural 
characteristics of shoots of Castanopsis are of the strategy for horizontal 
spread of foliage, and those of the other species are of the strategy for 
vertical shift of foliage. However, this does not mean Castanopsis is more 
shade-tolerant than the other species because the degree of shade-tolerance 
is determined not only by architectural traits but also by other factors 
including photosynthetic and phenological traits. Actually, the four species 
did not differ in light-saturated photosynthetic rates and light compensation 
points (Fig. 2.9). 
Although horizontal spread of foliage is sometimes considered as a 
strategy of shade-tolerant species, and vertical shift of foliage as a strategy 
of shade-intolerant species, this is an oversimplification of diverse strategies 
found in nature because shade-tolerant species in this study also showed 
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some strategies for vertical shift of foliage. 
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Chapter 4 
 
 
 
General discussion and future works 
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4-1 General discussion 
4-1-1 Species-specific architecture 
One common pattern of among-species differences was found in the 
above analyses at two different levels (i.e. branch and shoot levels). The 
pattern ranged from the species that distributed branch growth and shoot 
production evenly within a crown to the species that concentrated branch 
growth and shoot production to some parts in a crown responding to internal 
and environmental factors. Among the four species used in this study, 
Castanopsis was the species that showed the former pattern while other 
three species more or less showed the latter pattern (Fig. 4-1). 
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Fig. 4-1. Three-dimensional representations of saplings of two species 
with distinct architectural characteristics: a Castanopsis sieboldii, b 
Cinnamomum tenuifolium. Only the stem frameworks are shown. Spheres 
represent the tips and bases of shoots, and lines represent stems. 
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The above pattern in architectural traits corresponded to a pair of 
conceptual strategies of shaded saplings: shade tolerance and shade 
avoidance. To tolerate shade, plants must capture light and conduct 
photosynthesis efficiently so that they must lower self-shading within their 
foliage. To achieve this, current-year shoots grow horizontally and growth is 
distributed relatively evenly within a crown. On the other hand, plants must 
concentrate branch growth and current-year shoot production to sun-lit 
higher parts of a crown to escape from lower shaded spaces. 
However, an attention should be paid when using these concepts (shade 
tolerance and shade avoidance) because they are general compound concepts 
including architectural and physiological aspects. The degree of shade 
tolerance cannot be accessed only from architectural traits. Previous study 
on photosynthesis of the four species (Date 2008) showed that the four 
species did not differ from each other significantly in light-saturated 
photosynthetic rate (Amax) or light compensation point, which is a good 
indicator of shade tolerance at the leaf level (Fig. 2-9). The photosynthetic 
traits of the four species studied indicate that species that have architectural 
traits of shade tolerators (e.g. horizontal current-year shoots) does not 
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necessarily have physiological traits of shade tolerators.  
 
 
5-1-2 Developmental concepts relating to the species-
specific architecture 
Some developmental concepts are useful to understand the patterns in 
architectural traits analyzed in this study. 
Apical dominance and apical control are useful concepts to understand 
branch initiation and the amount of growth. Apical dominance refers to 
active shoot apex repression of axillary bud outgrowth initiation, while 
apical control refers to a mechanism by which a higher dominating branch or 
shoot suppresses the current growth of a lower branch (Cline and Sadeski 
2002). The present study analyzed two elements of branch growth: 
qualitative element (i.e., whether branch growth will be initiated) and 
quantitative element (i.e., measures of biomass accretion) of branch growth. 
Therefore, the results of the analyses related to both concepts. 
For example, some among-species differences in the relationship 
between branch-growth probability and relative branch height may be 
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related the strength of apical dominance. The branch-growth probability 
decreased relatively rapidly with the decreasing in relative branch height for 
Neolitsea while it depended weakly on relative branch height for 
Castanopsis. This suggests that apical dominance is stronger in Neolitsea 
than in Castanopsis. 
Interactive modular response is another useful concept to understand 
the result of the analysis of branch growth (Kawamura 2010). Branches and 
shoots are partially autonomous units of trees; transports of materials and 
responses to environmental conditions are localized in relatively small parts 
of an individual tree (Sprugel et al. 1991). However, the autonomy is not 
perfect. Trees often transport materials between remote parts of an 
individual and show interactive responses to environmental conditions (e.g. 
Sprugel 2002). The analysis of branch-growth probability in this study (Fig. 
2-6) revealed that not only light condition for target branches but also the 
light condition for a whole individual affected the growth of branches. 
Interactive modular response is a comprehensive concept and it involves 
apical dominance and apical control. The strength of interaction in modular 
responses can vary from species to species; it must be quantified and 
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compared among species. 
The underlying physiological processes of the above concepts have not 
been fully understood. For example, auxin has been considered as a factor 
controlling apical dominance. However, studies of the detailed physiological 
processes are still ongoing. Future physiological studies should reveal the 
mechanisms to produce species-specific differences in architectural traits. 
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4.2. Future works 
This study examined architectural traits to understand the species-
specific strategies of evergreen trees using saplings under shaded conditions. 
The research can be expanded in the following directions.  
First, the study can be expanded by focusing on physiological aspects. 
The strategies of shaded saplings, for example, a contrast between shade 
tolerance and shade avoidance, are not determined only by architectural 
traits but also by physiological traits. Then, physiological and architectural 
traits must be integrated to access plant’s performance against shading. 
Functional-structural plant models can integrate architectural and 
physiological traits of plants. They can simulate plant’s performances on 
computers. The relative importance of particular traits can be evaluated 
when they are integrated in functional-structural models. 
Second, the study can be expanded if unshaded individuals are included 
as research targets. Saplings of evergreen tree species are often found in 
shaded conditions under the canopy. However, they can establish also in 
open habitats, and they can respond to sudden changes in light environment 
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by canopy gaps. Quantitative knowledge of the performance of saplings of 
evergreen trees in unshaded conditions is necessary for the total 
understanding of ecology of evergreen trees. 
Third, the study can be expanded by adding the topography as 
influencing factors because topography can affect tree architecture (Umeki  
1995).    
Fourth, the study can be expanded by adding more target evergreen 
broad-leaved species and they may include trees in Bangladesh and also 
some other countries. Various tree architectures can be found in tropical 
regions (Hallé et al. 1978) because tree species diversity is the largest in 
tropical regions. By investigating large number of species in a comparative 
way, our understanding of tree architecture can be improved.  
The above expansions of the study will improve our understanding of 
the ecology of evergreen trees. Because the knowledge obtained by such lines 
of research is various ranging from physiology to morphology, some kinds of 
integration of knowledge is indispensable. Functional-structural plant model 
can provide a framework to the integration. 
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